Two recombinant Taenia solium oncosphere antigens, designated TSOL18 and TSOL45-1A, were investigated as vaccines to prevent transmission of the zoonotic disease cysticercosis through pigs. Both antigens were effective in inducing very high levels of protection (up to 100%) in three independent vaccine trials in pigs against experimental challenge infection with T. solium eggs, which were undertaken in Mexico and Cameroon. This is the highest level of protection that has been achieved against T. solium infection in pigs by vaccination with a defined antigen. TSOL18 and TSOL45-1A provide the basis for development of a highly effective practical vaccine that could assist in the control and, potentially, the eradication of human neurocysticercosis.
Two recombinant Taenia solium oncosphere antigens, designated TSOL18 and TSOL45-1A, were investigated as vaccines to prevent transmission of the zoonotic disease cysticercosis through pigs. Both antigens were effective in inducing very high levels of protection (up to 100%) in three independent vaccine trials in pigs against experimental challenge infection with T. solium eggs, which were undertaken in Mexico and Cameroon. This is the highest level of protection that has been achieved against T. solium infection in pigs by vaccination with a defined antigen. TSOL18 and TSOL45-1A provide the basis for development of a highly effective practical vaccine that could assist in the control and, potentially, the eradication of human neurocysticercosis.
Cysticercosis in humans is caused by infection with the larval stage of the tapeworm parasite Taenia solium. The infection has a propensity to occur in the brain and other nervous tissue, and the resultant disease, neurocysticercosis, is an important cause of human morbidity and mortality (11) . The disease is most prevalent in many Latin American, African, and Asian countries.
Human cysticercosis results from ingestion of T. solium eggs derived from the feces of a person infected with the adult tapeworm parasite. The normal life cycle of the parasite involves transmission through pigs acting as intermediate hosts.
Pigs develop cysticerci in their muscle tissues following ingestion of tapeworm eggs from the feces of a human tapeworm carrier. The life cycle is completed when incompletely cooked pig tissues containing cysticerci are eaten by a human, leading to the growth of the adult tapeworm in the small intestine. However, the tapeworm eggs not only are infective for pigs but also can infect humans, leading to the disease neurocysticercosis. Control of transmission of this disease can be achieved by improvements in public sanitation, particularly the provision and use of latrines (6, 7) . Also, it is possible to remove the adult tapeworm by use of highly effective drugs, for example, praziquantel (30) . Despite the availability of these methods for control of cysticercosis, the disease continues to be prevalent in many parts of the world. A potential additional method for control of this disease would be vaccination. Substantial progress has been made with the development of highly effective, practical vaccines against closely related cestode parasites (19) . Use of an effective vaccine in the natural animal intermediate hosts of T. solium would remove the source of tapeworm infection in humans, breaking the parasite's life cycle and indirectly eliminating the causative agent of human neurocysticercosis.
A number of approaches are being used by different groups towards the development of a vaccine against T. solium infection (2, 13, 32, 37) . The approach that has been most successful in development of vaccines against other taeniid cestode parasites has been the use of recombinant oncosphere antigens (21) . Three independently host-protective oncosphere antigens have been identified from Taenia ovis (12, 14) , and homologues of these proteins have been found to be host protective against infection with Taenia saginata in cattle (25) .
Gauci and colleagues (8, 9) identified and cloned cDNAs encoding T. solium oncosphere proteins TSOL18 and TSOL45-1A, which are homologues of host-protective antigens in T. ovis (To18 and To45W) (12, 14) and T. saginata (TSA18 and TSA9) (25) . Here we describe investigations into the use of recombinant T. solium oncosphere antigens as vaccines against challenge infection with T. solium in pigs. In order to utilize these proteins in vaccine trials, TSOL18 and TSOL45-1A cDNAs were subcloned into expression vectors and fusion proteins were expressed in Escherichia coli.
MATERIALS AND METHODS
Subcloning and expression of antigen-expressing cDNA. The region of the TSOL18 cDNA (8) comprising the 5Ј untranslated region was removed by amplification under standard PCR conditions with the primers 5ЈCCGGAATTCA TGGTGTGTCGGTTTGCTC3Ј and 5ЈCCGCTCGAGGCATTGCCTGCTCC GCGC3Ј. These primers included DNA sequence designed to create 5Ј EcoRI and 3Ј XhoI restriction sites which enabled directional cloning of the PCR products. The PCR products were separated by agarose gel electrophoresis, excised from the gel, purified by using Geneclean (Bio101), and cloned into pGEM-T (Promega). Following plasmid purification, TSOL18 cDNA was excised by restriction digestion with EcoRI and XhoI, gel purified as described above, and subcloned into pGEX-1T (33) that was modified to accept directional EcoRI-XhoI insert sequences (pGEX-1TEX). The plasmid containing the TSOL18 cDNA was then transformed into E. coli JM109.
In T. solium oncospheres, the TSOL45 proteins are encoded by a family of related genes that produce alternatively spliced mRNA transcripts (9) . Since at least eight TSOL45-related proteins were identified in T. solium oncospheres, the transcript selected initially for expression and testing of the associated protein in vaccine trials was that which encoded a protein (referred to by Gauci and Lightowlers [9] as TSO45-1A) having the closest homology to the To45W protective antigen from T. ovis. The TSOL45-1A cDNA was excised from pGEM-T by EcoRI digestion, gel purified, and cloned into the EcoRI site of pGEX-3TEX. The plasmid was transformed into E. coli JM109.
Recombinant proteins were prepared by growth of the bacterial cultures overnight followed by 10-fold dilution into fresh culture medium (per liter, 20 g of tryptone, 5 g of yeast extract, 0.5 g of NaCl, 0.2 g of KCl, 2 g of MgCl 2 [SOB] containing 100 g of ampicillin per ml), growth in shaker flasks until an optical density at 600 nm of 1.0 was reached, and induction with 0.2 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 5 h prior to purification of the glutathione S-transferase (GST) fusion proteins as described by to Smith and Johnson (33) . Yields of the TSOL18 and TSOL45-1A fusion proteins, containing the predicted full-length parasite polypeptides, were poor, and copurification of degradation products was also observed in each protein preparation (not shown). Bacterial expression levels and stability of the fusion proteins were improved by deletion of the cDNA sequence encoding the first 16 N-terminal amino acids predicted to be secretory signals in both TSOL18 and TSOL45-1A (9, 20, 22) . The secretory signals were removed by PCR amplification of the cDNA encoding amino acids 17 to 130 for TSOL18 and amino acids 17 to 253 for TSOL45-1A by using the following PCR primers: for TSOL18, 5ЈCCGGAATTCGACCGAACATTCGG CGACG3Ј and 5ЈCCGCTCGAGGCATTGCCTGCTCCGCGC3Ј; for TSOL45-1A, 5ЈCCGGAATTCGGAAACCACAAGGCAACATC3Ј and 5ЈCCGCTCGA GGGAAATGGGCATTGACCGAG3Ј. The PCR-amplified products encoding the truncated proteins were each cloned into pGEX-1TEX and transformed into E. coli JM109. The DNA sequences of cloned PCR amplification products were confirmed on both strands by using BigDye terminator cycle sequencing reactions (Applied Biosystems) and a PRISM automated sequencing system (Applied Biosystems). GST fusion proteins were prepared as described above. The nomenclature TSOL18 and TSOL45-1A was retained for these truncated recombinant proteins, which were used as GST fusion proteins in vaccination trials unless otherwise specified.
For production of maltose binding protein (MBP) fusion proteins, the truncated TSOL18 and TSOL45-1A cDNAs were digested from pGEX with EcoRI and XhoI, purified as described above, subcloned into the EcoRI/SalI sites of pMAL-C2 (New England Biolabs), transformed into E. coli, and expressed and purified according to the manufacturer's recommendations.
Vaccine trials. Recombinant antigens TSOL18 and TSOL45-1A were used to vaccinate pigs prior to an experimental challenge infection with T. solium eggs. Three independent experiments were performed, two in Mexico and one in Cameroon. Specific details for individual trials are provided below. Immunizations were given intramuscularly in the right hind quarter. Booster immunizations were given into the same site. Subsequently, each pig received a challenge infection with mature viable T. solium eggs obtained following treatment of people harboring intestinal tapeworms. The identity of the tapeworm as T. solium was made on the basis of gravid segment morphology. The eggs were maintained at 4°C in phosphate-buffered saline containing 1,000 U of penicillin G, 1 mg of streptomycin sulfate, and 0.25 g of amphotericin B/ml until use. Following establishment of cysticerci from the challenge infection, necropsies were performed, carcass musculature was sliced with hand-held knives or scalpels, and the number and viability of cysticerci were determined. Cysticerci were categorized as being viable when a clear-fluid-filled sac containing a detectable scolex was present, while necrotic, fibrosed, or calcified lesions without a recognizable scolex were designated nonviable. Statistical comparisons were made by using the Mann-Whitney U test.
Serological analyses. Serum or plasma samples were obtained from each pig in vaccine trials at the time of each immunization, at challenge infection, and at postmortem. Specific antibody levels were assessed in an enzyme-linked immunosorbent assay (ELISA) against the T. solium-specific component of TSOL18 or TSOL45-1A by using MBP fusion proteins of these antigens in immunoassays. Routine procedures were used for ELISA (29) , with 20 ng of antigen per well. Antibody binding was detected by using anti-porcine immunoglobulin G (IgG)-horseradish peroxidase conjugate (Serotec), and antibody titers were calculated as the highest serum or plasma dilution with an optical density at 450 nm of 1.0. Sera taken at the time of necropsy in trials 1 and 2 were assessed by Western blotting for the presence of anticysticercal antibodies (34) .
RESULTS
Vaccine trial 1 was carried out in Mexico. Twenty 2-monthold Landrace pigs were obtained from a farm known to be free from T. solium cysticercosis and transported to a laboratory animal house. The pigs were allocated into four groups of five animals each, and pigs in the groups were immunized with either 200 g of control protein (GST), 200 g of TSOL18, 200 g of TSOL45-1A, or 200 g each of TSOL18 and TSOL45-1A, with 1 mg of Quil A as an adjuvant. A second identical immunization was given 2 weeks after the first injection. Three weeks after the second injection, each pig received a challenge infection with 40,000 T. solium eggs that were obtained from two tapeworm carriers from the state of Yucatan, Mexico, and used within 1 week of collection. The eggs were diluted in phosphate-buffered saline and introduced into a gelatin capsule which was given orally to each pig. Beginning 10 weeks after the challenge infection, pigs were humanely euthanatized; the hind legs, heart, tongue, and diaphragm were sliced at approximately 3-mm intervals; and each slice was inspected for the presence of cysticerci.
The number of cysticerci detected in each of the experimental pigs is shown in Table 1 . T. solium infections in the five control pigs ranged between 167 and 415 cysts. The proportion of viable cysts differed between the individual control pigs, ranging from less than 1% viable in one pig to 100% viable in another (data not shown). No cysticerci were detected in any of the five pigs vaccinated with TSOL18. T. solium cysticerci established in all of the pigs vaccinated with TSOL45-1A, and while the mean number of cysticerci in this group was 47% lower than the mean number in the control group, this difference was not statistically significant. Vaccination with a combination of both TSOL18 and TSOL45-1A induced a 94.7% reduction in the number of cysticerci, with two individual pigs having no cysticerci detected. This was a statistically significant (P Ͻ 0.01, Mann-Whitney test) level of protection in comparison with the control group of pigs and did not represent a statistically significant difference from the group vaccinated with TSOL18 alone. Serological analyses of pig sera taken during the vaccine trial indicated that the pigs had responded to both primary and secondary immunizations with TSOL18, since specific IgG antibodies were produced (Fig. 1) . However, the pigs vaccinated with TSOL45-1A in trial 1 failed to raise a detectable antibody response to the vaccine protein.
Vaccine trial 2 was also undertaken in Mexico. The aims of this trial were to confirm the protective efficacy of TSOL18 in to a vaccination protocol similar to that used in trial 1 and to reassess TSOL45-1A following three immunizations. Difficulties with obtaining viable T. solium eggs for the challenge infection led to a modification of the experimental plan for trial 2 such that each group of pigs received an additional booster immunization prior to the challenge infection. Four groups of pigs, of similar breed and age to those used in trial 1, were used. Two groups of six pigs each acted as controls. All animals in the two control groups were found to be infected with cysticerci at necropsy, and there was no statistically significant difference between the numbers of cysticerci in the two groups; therefore, the control groups were combined for comparison with the experimental groups ( Table 1 ). The numbers of cysticerci in controls ranged between 6 and 127, with the majority of lesions detected being nonviable; two control animals were found to harbor viable cysticerci (data not shown). Only a single nonviable lesion was detected in one of the pigs vaccinated with TSOL18. Four of the five pigs vaccinated with TSOL45-1A had no cysticerci, while one pig b For trials 2 and 3, the entire body musculature was assessed; for trial 1, the numbers of cysticerci in the right hind leg, heart, tongue, were and diaphragm assessed. c Protection was calculated as the percent reduction in the mean number of cysticerci in each group in comparison with the mean number of cysticerci in the control group of the same experiment and is shown only for those groups for which the difference was statistically significant.
d P Ͻ 0.01 versus control group. e P Ͻ 0.05 versus control group.
had six nonviable cysts. Serological analyses of the antibody responses in the pigs in trial 2 indicated that all pigs vaccinated with TSOL18 and TSOL45-1A had specific antibody against the corresponding vaccine protein at the time of the challenge infection (Fig. 1 ). Pigs vaccinated with TSOL45-1A responded particularly well to the final (fourth) immunization, with specific IgG1 titers ranging between 3,500 and 34,000 in individual animals. In both trials 1 and 2, all control pigs showed clear positive serological reactions at the time of necropsy for anticysticercal antibodies by Western blotting (data not shown); however, all of the animals in groups that were protected from infection following vaccination with TSOL18 or TSOL45-1A were negative for anticysticercal antibodies.
Vaccine trial 3 was undertaken in Cameroon. Pigs were Duroc and Duroc cross-bred with local pigs of uncertain breed. Five pigs in one group were untreated and acted as controls, while a second group of five pigs received three immunizations with 200 g of TSOL18 plus 1 mg of Quil A, with the first two immunizations being given 2 weeks apart and the third immunization being given approximately 6 months later. Six days after the third immunization, the pigs received a challenge infection orally with 5,000 viable T. solium eggs obtained from taeniasis patients in Ecuador. Necropsies were undertaken to determine the level of infection between weeks 12 and 22 after the challenge infection. All body musculature and brain were sliced to determine the number of cysticerci in each pig ( Table  1) . Four of the five control pigs were found to harbor cysticerci at the time of the necropsies. There was a wide variability in the proportion of viable cysticerci between individual animals. While three pigs had only nonviable cysticerci, one animal had almost entirely (17 of 18) viable cysts. No cysticerci were detected in any of the pigs vaccinated with TSOL18.
DISCUSSION
In each of three vaccine trials, immunization of pigs with the TSOL18 recombinant antigen alone induced complete, or near-complete (99.5%), protection against the development of cysticerci following experimental challenge infection. This is the highest level of protection that has been achieved by vaccination against T. solium infection in pigs with a defined antigen (2, 13, 37) , and it equates to the level of protection that has been achieved in pigs by using native T. solium oncosphere antigens (15, 27, 28, 35) . While such high levels of protection are unusual for an antiparasite vaccine (4, 18) , there are precedents for similar levels of protection having been achieved in vaccination against other taeniid cestode species by using recombinant oncosphere antigens (12, 14, (23) (24) (25) (26) . The TSOL18 and TSOL45-1A antigen vaccines were effective in preventing infections with T. solium eggs derived from Mexico, Peru, and Ecuador, indicating that these antigens are protective against isolates of T. solium occurring in different geographical locations.
The TSOL45-1A antigen induced a high level of protection (97%) against the challenge infection with T. solium in trial 2, in which serological analyses revealed a specific immune response to the vaccine protein in the immunized animals. It is not clear why the pigs in trial 1 failed to respond to immunization with the TSOL45-1A protein. Indeed, inclusion of TSOL45-1A together with TSOL18 appeared to detract from the level of protection afforded by TSOL18 in trial 1. The absence of any detectable specific antibody response against TSOL45-1A in this experiment (Fig. 1C) suggests that a technical error may have been made with preparation, storage, or application of the vaccine used. In trial 2, as well as in other experiments where pigs have been immunized with TSOL45-1A (data not shown), a prominent specific antibody response to the antigen has been detected in all animals after their second immunization. Additional vaccine trials will be required to determine the reliability of TSOL45-1A as an effective immunogen and protective antigen in pigs.
In sheep immunized with recombinant oncosphere antigens fused to GST, much of the antibody response has been found to be raised against the highly immunogenic GST fusion partner (29, 39) , and similar responses were found in pigs vaccinated with the TSOL18 and TSOL45-1A fusion proteins (data not shown). Expression of taeniid oncosphere antigens in E. coli has been often found to be relatively toxic for the host bacteria (5, 22, 26) , and their expression as fusions, involving a protein seemingly more compatible with the bacterial hosts, leads to enhanced and more stable expression. It is for this reason, and because of the simplicity with which GST fusions can be purified, that the TSOL18 and TSOL45 recombinant proteins were expressed as fusions with GST. In trial 2, the final immunization for the TSOL45-1A group was undertaken with an MBP fusion, with the aim of using a fusion partner other than GST being to boost the antibody specificities to the TSOL45-1A-encoded component of the vaccine and not GST. The TSOL45-1A-specific antibody titer increased dramatically after this immunization (anti-MBP titers were not raised significantly following immunization); however, the absence of data from animals boosted similarly with the GST fusion protein prevents any interpretation of the particular merits of alternating fusion partners in the immunization protocol. Nevertheless, the TSOL45-1A protein was found to be highly protective in trial 2, correlating with the enhanced immune response that was achieved against this antigen in comparison with trial 1.
Pigs in trials 1 and 2 were assessed at necropsy for anticysticercal antibodies, and while all control animals were positive in the assay, none of the pigs in groups protected by either TSOL18 or TSOL45-1A was positive. It is not known whether TSOL18 or TSOL45-1A is restricted in its expression to the oncosphere, as is the case for some of the host-protective oncosphere antigens from other taeniid species (3, 10, 38) . However, under the conditions used in these experiments, immunization with TSOL18 or TSOL45-1A does not lead to seropositivity in assays used to detect infection with cysticerci. This serological discrimination between vaccinated and infected pigs may be important in future epidemiological assessment of T. solium infection in pigs, in association with practical use of a vaccine based on TSOL18 and/or TSOL45-1A.
The viability of cysticerci in the control pigs in each experiment varied greatly between individual animals. While no viable cysticerci were detected in any of the pigs in the groups where immunization with TSOL18 or TSOL45-1A induced a protective response, this cannot be interpreted to suggest that the viability of the few parasites that may establish in vaccinated animals will be affected by the vaccine. In the case of the other cestode vaccines, immunization with oncosphere anti- (1, 23, 24) . Human cysticercosis caused by infection with T. solium has been identified as a potentially eradicable disease (17, 31) . Emphasis has been placed on the possibility of parasite control by using anthelmintics to treat tapeworm carriers. However, reliance on this strategy has been of limited effectiveness in control campaigns to prevent transmission of other taeniid cestodes, because the presence of a reservoir population of infected animal intermediate hosts provides a source for new infections in definitive hosts, resulting in new episodes of parasite transmission (16, 36) . Incorporation of an effective vaccine for prevention of infection in pigs would be likely to increase the effectiveness of T. solium disease control efforts and reduce the impact of reintroduction of disease transmission by immigration of Taenia carriers into disease control areas. The TSOL18 and TSOL45-1A antigens have been demonstrated to induce very high levels of protection against T. solium infection in pigs in the trials described here and provide a solid basis on which to develop a practical vaccine to assist with control of, and potentially the eradication of, human neurocysticercosis.
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